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Hydroiodic Acid Attachment Kinetics as a
Chemical Probe of Gaseous Protein Ion
Structure: Bovine Pancreatic Trypsin Inhibitor
James L. Stephenson, Jr., T. Gregory Schaaff, and Scott A. McLuckey
Chemical and Analytical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
The kinetics of attachment of hydroiodic acid (HI) to the (M 1 6H)61 ions of native and
reduced forms of bovine pancreatic trypsin inhibitor (BPTI) in the quadrupole ion trap
environment are reported. Distinctly nonlinear (pseudo first-order) reaction kinetics are
observed for reaction of the native ions, indicating two or more noninterconverting structures
in the parent ion population. The reduced form, on the other hand, shows very nearly linear
reaction kinetics. Both forms of the parent ion attach a maximum of five molecules of
hydroiodic acid. This number is expected based on the amino acid composition of the protein.
There is a total of 11 strongly basic sites in the protein (i.e., six arginines, four lysines, and one
N-terminus). An ion with protons occupying six of the basic sites has five available for
hydroiodic acid attachment. The kinetics of successive attachment of HI to the native and
reduced forms of BPTI also differ, particularly for the addition of the fourth and fifth HI
molecules. A very simple kinetic model describes the behavior of the reduced form reasonably
well, suggesting that all of the neutral basic sites in the reduced BPTI ions have roughly equal
reactivity. However, the behavior of the native ion is not well-described by this simple model.
The results are discussed within the context of differences in the three-dimensional structures
of the ions that result from the presence or absence of the three disulfide linkages found in
native BPTI. The HI reaction kinetics appears to have potential as a chemical probe of protein
ion three-dimensional structure in the gas phase. Hydroiodic acid attachment chemistry is
significantly different from other chemistries used to probe three-dimensional structure and
hence, promises to yield complementary information. (J Am Soc Mass Spectrom 1999, 10,
552–556) © 1999 American Society for Mass Spectrometry
The structures of relatively small gaseous poly-atomic ions have long been of interest in massspectrometry. Conclusions about the structures of
such ions are usually drawn from experiments involv-
ing unimolecular dissociation of the ions [1] or from
spectroscopic measurements [2]. The advent of ioniza-
tion methods, such as electrospray [3] and matrix-
assisted laser desorption [4], that can yield gaseous
bio-polymer ions has necessitated the development of
probes to address the new structural challenges that
macro-ions pose. In particular, new tools are required to
probe three-dimensional structures of ions. This infor-
mation is of interest both from the point of view of
understanding the relationships between ion structures
in solution and in vacuo, and from the point of view of
understanding the unimolecular dissociation chemistry
of bio-polymer ions, which is a major means for deriv-
ing primary structure information. Although there are
currently no means for obtaining high resolution three-
dimensional structural information from gaseous poly-
meric ions, a number of tools are currently under
development which provide useful information. These
include techniques that are directly sensitive to the
shapes of the ions, such as those that yield average
collision cross sections (i.e., by measurement of ion
mobility [5–7] or by measurement of collisional energy
loss [8, 9]) and imaging of surface damage arising from
the impact of high energy ions [10]. Techniques based
on chemical reactivity, such as measurement of proton
transfer kinetics [11–13] and H/D exchange kinetics
[14–16], are sensitive to effects of three-dimensional
structure on the chemical reactivity being probed.
Chemical probes are not directly sensitive to shape, but
yield information about the nature of the surface of the
ion that is not reflected by physical measurements.
Hence, chemical and physical probes tend to be com-
plementary.
In this communication, we present the measurement
of the kinetics of hydroiodic acid (HI) attachment to
polypeptides in the gas phase as a possible new chem-
ical probe of protein ion three-dimensional structure,
complementing measurements of proton transfer and
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H/D exchange kinetics. We recently reported the ob-
servation that HI attaches to neutral basic sites (i.e.,
arginines, lysines, histidines, and N-termini) of
polypeptide ions [17]. This is a relatively unusual
ion/molecule reaction in that it is not directly charge-
site mediated, unlike proton transfer or H/D exchange.
We also reported that this chemistry can be used to
count the number of basic sites in a polypeptide ion by
adding the total charge to the maximum number of HI
molecules that are observed to attach to an ion [18]. We
have observed, however, that the rates at which HI
molecules attach to polypeptide ions are highly vari-
able, which suggests that this type of chemistry can be
sensitive to the three-dimensional structure of the ion.
We report here the kinetics of HI attachment to ions
derived from native and reduced forms of bovine
pancreatic trypsin inhibitor (BPTI). These data are pre-
sented to illustrate the significant differences in HI
attachment kinetics to protein ions of (essentially) iden-
tical primary structure and charge state but different
three-dimensional structures. BPTI ions were chosen for
study because recent ion mobility [19, 20] and collision
cross-section studies [21] have been reported, and be-
cause of the fact that a number of molecular dynamic
studies for a variety of conditions have been reported
[22–28] for this much-studied protein.
Experimental
Materials and Electrospray Conditions
BPTI and dithiothreitol (DTT) were obtained commer-
cially (Sigma, St. Louis) and were used without further
purification. Stock solutions of native and reduced BPTI
were prepared by dissolving 1 mg of BPTI in 1 mL of
100% water and 1 mg of BPTI and 2 mg DTT in 1 mL
100% water, respectively. Solutions were stored for at
least 24 h at room temperature prior to electrospray. In
all cases, aliquots of the stock solutions were diluted in
1% acetic acid in methanol to yield a BPTI concentration
of roughly 10 pmol/mL. Solutions were infused at a rate
of 1.25 mL/min through a stainless steel syringe needle
held at a potential of 13500–4000 V.
Mass Spectrometry
All experiments were conducted using a quadrupole
ion trap mass spectrometer coupled with electrospray
ionization [29]. The procedure for measuring HI attach-
ment kinetics of mass-selected ions in the ion trap has
been described [17] and will be described only briefly
here. Following an ion accumulation period of a few
hundred milliseconds, the [M 1 6H]61 ion of either the
native or reduced form of BPTI was isolated using a
series of resonance ejection periods [30]. The isolated
ions were then stored in the presence of roughly 1.2 3
1025 torr of HI and 1 mtorr of helium for a variable
reaction period and the products were analyzed via
resonance ejection [31, 32].
Results and Discussion
The electrospray mass spectra of native and reduced
BPTI, under the electrospray/interface/ion accumula-
tion conditions used in this study, were very similar in
terms of the observed charge state distributions (spectra
not shown). By far, most of the signal appeared in the
15–17 charge states with the 16 charge state being the
most abundant in each case. The reduced form yielded
a slightly larger relative abundance of the 17 ion and a
slightly lower relative abundance of the 15 ion than did
the native form. Data for the reaction of (M 1 6H)61
ions from the native and reduced forms of BPTI with HI
are described here. Figure 1 compares spectra acquired
from the native (1a) and reduced (1b) (M 1 6H)61 ions
after ion isolation and storage in the presence of helium
and HI for 740 ms. There are six arginines, four lysines,
and one N-terminus in BPTI providing a total of 11
basic (reactive) sites. An ion with six of the basic sites
being protonated is expected to attach up to five mole-
cules of HI. This is in fact observed for both the native
and reduced forms of BPTI. A maximum of five mole-
cules of HI were observed to attach to the (M 1 6H)61
ions even when the reaction time was extended to as
long as several seconds. However, it is clear from the
comparison of the products observed at 740 ms, and
virtually any other arbitrarily selected reaction time, that
the relative abundances of the attachment products differ
significantly for the native and reduced forms. The re-
duced form adds HI more quickly and almost all of the
product ion signal is concentrated in the (M 1 6H 1
5HI)61 product at long reaction times (.0.5 s). The native
form, on the other hand, shows the (M 1 6H 1 4HI)61
ion to remain the most abundant product from about 300
ms to times extending to at least several seconds.
Figure 2 compares the kinetic data observed for the
Figure 1. Comparison of product ion spectra of (a) native and (b)
reduced forms of the (M 1 6H)61 ions of BPTI after storage of the
parent ions in the presence of HI for 740 ms. The relatively small,
ill-defined signal above m/z 1193 is believed to arise from the
decomposition of higher but less stable adducts that occur at rates
comparable to the scan rate.
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loss of the (M 1 6H)61 ion signal from each form of
BPTI to yield the first generation product (M 1 6H 1
HI)61. The pseudo first-order kinetics associated with
the native form are clearly nonlinear and contrast
sharply with those observed for the reduced form.
Whereas a good fit for the reduced BPTI ion population
was obtained using a first-order exponential, a mini-
mum number of two terms was necessary to provide an
adequate fit to the kinetic data for the depletion of the
native (M 1 6H)61 ion, suggesting that there are at least
two distinct noninterconverting reacting populations.
Two phenomena can give rise to the observation of
nonlinear kinetics in HI attachment chemistry, (i) if
there is more than one reacting ion population with
different reaction rates or (ii) if the system is approach-
ing equilibrium. In the case of the (M 1 6H)61 ions of
BPTI, the kinetic scheme is
(M 1 6H)61º(M 1 6H 1 HI)61º(M 1 6H
1 2HI)61º(M 1 6H 1 3HI)61º(M 1 6H
1 4HI)61º(M 1 6H 1 5HI)61 (1)
where the presence of the HI reactant is implied.
Approach to equilibrium cannot account for the nonlin-
ear kinetics observed for the naked native BPTI ion
population because the (M 1 6H)61, (M 1 6H 1
HI)61, and (M 1 6H 1 2HI)61 ions all react to comple-
tion within about 0.5 s indicating that the first few
attachment reactions can be regarded as essentially
irreversible under these conditions. At long times, how-
ever, the product ion spectrum, which is dominated by
the (M 1 6H 1 3HI)61, (M 1 6H 1 4HI)61, and (M 1
6H 1 5HI)61 ions (see, for example, Figure 1a) may
very well reflect an approach to equilibrium.
Interestingly, for native BPTI, a recent high resolu-
tion ion mobility study [20] implicated the presence of
at least three distinct noninterconverting ion structures,
based on the shapes of the ion mobility profiles for both
the (M 1 5H)51 and (M 1 6H)61 ions. It was pointed
out that three slightly different crystal structures have
been determined for BPTI [33] and that the expected
relative size differences were consistent with the range
of mobilities represented in the data. Although it is not
clear if and how the structures implicated in the ion
mobility study relate to the reacting populations impli-
cated by the HI kinetics, it is noteworthy that both
experiments suggest the presence of distinct noninter-
converting BPTI populations. The reduced BPTI ions
tend to show linear kinetics, which implies that if there
are noninterconverting components within the parent
ion population they react at similar rates.
Further information might be obtained by examina-
tion of the time evolution of the product ion spectra.
Figure 3 compares the relative abundances of the reac-
tant ions and product ions as a function of reaction time
(up to 800 ms) after parent ion isolation of the native
(3a) and reduced (3b) ions. Figure 1 provides an exam-
ple of spectra acquired at a single reaction time from
which the plots of Figure 3 were generated. Points
reflect the relative ion abundances and the curves were
generated using a very simple model for the kinetics of
the reduced ion that assumes consecutive irreversible
reactions with each reactive site having the same rate.
The reaction rate for a given site was taken to be 33.4
s21/5 or 6.7 s21, based on the reaction rate determined
from depletion of the (M 1 6H)61 ion of reduced BPTI.
This very simple picture leads to a surprisingly good
description of the time evolution of the reduced (M 1
6H)61 reactant ion and its reaction products, suggesting
that, at least to a first approximation, all five reactive
sites have roughly equal reaction rates in the reduced
BPTI ions. However, this simple picture provides a very
poor description of the time evolution of the products
from the native BPTI (M 1 6H)61 ions. Interestingly,
the loss of the native reactant ion, the appearance and
disappearance of the first and second attachment prod-
ucts, and the appearance of the third attachment prod-
uct are reflected reasonably well with the simple “equal
site reactivity/irreversible reaction” picture. However,
the losses of the (M 1 6H 1 3HI)61 and (M 1 6H 1
4HI)61 ions are far slower than expected, and the rate of
appearance of the (M 1 6H 1 5HI)61 product is far
lower than either the prediction based on the simple
kinetic picture or the data for the reduced BPTI ion.
These differences are highlighted in the differential
display of Figure 3c, which shows the difference in
relative abundance of each reactant/product from the
reduced and native ions as a function of time. This plot
shows that the greatest differences between the behav-
ior of the native and reduced BPTI ions appear in the
attachment of the last two molecules of HI.
A recent collision cross-section study has compared
native and reduced forms of BPTI [21], including the
Figure 2. Kinetic curves for loss of the (M 1 6H)61 ions derived
from native (filled circles) and reduced (filled squares) forms of
BPTI. The experimental data were fit to a double rate exponential
decay for the native BPTI ions (solid line) and a single rate for the
reduced BPTI ions (dashed line).
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(M 1 6H)61 ions. It was noted that the collision cross
section of the native ion in the gas phase was 548 Å2 and
that of the reduced ion was 678 Å2, representing a
difference of about 24%. This is a relatively modest
change in size but is consistent with molecular dynam-
ics predictions [26–28]. Molecular dynamics also pre-
dicts that, although the overall size of BPTI changes
relatively little in the reduced state, the structure of the
reduced form can undergo comparatively large fluctu-
ations [28]. Too little is currently understood about the
factors that govern HI attachment reactivity to draw
firm conclusions about the reasons why the attachment
of the last two HI molecules to native and reduced
forms of BPTI are different. Nevertheless, it might be
noteworthy that a recent molecular dynamics simula-
tion showed the greatest a-carbon displacements be-
tween native BPTI and reduced BPTI occur at residues
10–15 and 40–50. There is a lysine at residue 15 adjacent
to the cysteine at residue 14 and there are arginines at
residues 39 and 42 and lysines at residues 41 and 46.
These residues are near the cysteine at residue 38 that
comprises the 14–38 disulfide linkage (see Figure 2 for
the sequence of BPTI). Based on the intrinsic basicities
of arginine and lysine [34, 35], the six protons of the
(M 1 6H)61 ions would be expected to be located on
the guanidinium groups of the arginines (residues 1, 17,
20, 39, 42, and 53). It cannot be precluded from these
results that different distributions of protonation sites
(and, hence, different distributions of reactive basic sites)
give rise to the differences in HI attachment kinetics for
the native and reduced ions. A simpler interpretation does
not require invoking different sites of protonation in the
native and reduced ions but rather assumes that the
reactive sites in both ions are probably the same but that
they are more exposed in the reduced ion.
Conclusions
It has already been established that hydroiodic acid
tends to attach to neutral basic sites on polypeptide ions
in the quadrupole ion trap storage environment. The
sum of the charge of the ion and the maximum number
of HI molecules that attach to it has been observed to
equal the total number of arginines, histidines, lysines,
and N-termini for the large majority of the many dozens
of ions so far studied. Hydroiodic acid attachment to
polypeptide ions therefore constitutes an ion/molecule
reaction that can provide polypeptide ion composition
information (viz. the total number of arginines, lysines,
histidines, and N-termini). The data reported here also
suggest that the kinetics of HI attachment to gaseous
protein ions are sensitive to the three-dimensional
structure of the ion. For example, the reduced form of
the (M 1 6H)61 ion of BPTI is significantly more reac-
tive towards HI than is the (M 1 6H)61 ion derived
from native BPTI under identical ion trap storage con-
ditions. The kinetics of HI attachment might therefore
be considered as a chemical probe of gaseous polypep-
tide ion structure that complements existing probes. As
with other chemical probes, such as proton transfer
kinetics and H/D exchange chemistry, HI attachment
kinetics are related to three-dimensional structure only
indirectly. That is, chemical probes are sensitive to
higher order structure only insofar as structural motifs
affect chemical reactivity. It is expected that HI attach-
ment should be truly complementary to the other
chemical probes in that HI attachment is not directly
mediated by the charge site. That is, HI attachment
takes place at neutral basic sites and stands in contrast
with proton transfer, which, by definition, is charge-site
mediated, as is most H/D exchange chemistry. Unlike
proton transfer reactions [36], hydroiodic attachment
should therefore be affected only indirectly by the
Coulomb field associated with multiply protonated
species, because the Coulomb field has no effect on the
energy surface associated with HI attachment.
Hydroiodic acid attachment takes place at basic
residues and N-termini. It therefore probes side chains
Figure 3. Plots of the relative abundances of the reactants and
products of (a) native and (b) reduced forms of the (M 1 6H)61
ions of BPTI as functions of time in the presence of HI. The data of
(a) and (b) are presented in a differential display in (c) in which
the differences in abundances of the respective reactants and
products from the native and reduced forms of BPTI are plotted as
a function of reaction time.
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and not the atoms that comprise the backbone of the
polypeptide. Factors that are expected to affect the
kinetics of HI attachment include gross structural fea-
tures that might affect the overall exposure of a basic
site (i.e., a “steric” effect), local chemical interactions,
such as intramolecular proton binding and salt-bridge
formation, and possibly, the identities of the attachment
sites. The level of detail about three-dimensional
polypeptide ion structure that might be derived from
HI attachment kinetics is dependent upon the level of
understanding of the roles of the various factors just
mentioned and possibly, other factors that underlie the
chemical reactivity. Studies with smaller model
polypeptide ions designed to reveal the possible local
chemical interactions that can affect HI attachment
kinetics, for example, are currently under way.
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